A novel technology for the simultaneous removal of NO x (= NO + NO 2 ) and SO x (= SO 2 + SO 3 ) in the flue gas of a glass manufacturing system is described using a plasma-chemical hybrid process (PCHP). The exhaust gas is produced by combustion of liquefied natural gas and contains both NO x (189 -335 ppm) and SO x (109 -183 ppm). Lowering the flue gas temperature from more than 200 °C to less than 150 °C is required for effective NO oxidation (80% efficiency) to NO 2 by ozone gas injection. Therefore, a mixture of ozone and water are sprayed by compressed air from the three-fluid spray nozzle into the exhaust duct. The ozone gas is prepared using an electrical discharge-induced nonthermal plasma apparatus. In addition, almost all of the SO 2 is absorbed by a NaOH absorbent resulting in the generation of Na 2 SO 3 . Furthermore, reduction of the water-soluble NO 2 by Na 2 SO 3 to N 2 affords Na 2 SO 4 , which can be reused as glass material. The highest removal efficiency of 39% for NO x is obtained when the NO x concentration is reduced from 315 ppm to 193 ppm (O 3 /NO = 0.32). This simultaneous de-SO x and de-NO x technology by PCHP is highly effective and promising for exhaust gas treatment for a glass manufacturing system.
Introduction
Most industrialized countries have national and regional regulations for reducing air pollutants from stationary pollution sources such as electrical power plants and factories. With the significant increase in fossil fuel prices in recent years, interests in reducing energy consumption with a low environmental impact are increasing in the industrial world. The glass industry is one of the more energy-intensive industries that operate their own furnaces for glass melting. These factories consume significant quantities of fossil fuels, thus it is difficult to reduce energy costs and environmental impacts. This study focuses on a glass manufacturing system for producing glass bottles. In the melting furnace system, raw glass materials such as silica sand (SiO 2 ), lime (CaCO 3 ), soda ash (Na 2 CO 3 ), salt cake (Na 2 SO 4 ), and cullet (crushed glass) are melted at approximately 1500 °C by the heat of combustion burners fueled with either liquefied natural gas (LNG) or heavy oil. The glass bottle products are then molded from the molten processed raw materials. The flue gas from the burners contains environmental pollutants such as NO x (NO + NO 2 , 189 -335 ppm), SO x (SO 2 + SO 3 , 109 -183 ppm), and particulate matter such as raw glass material. Normally, SO x from glass manufacturing is removed effectively by an aftertreatment apparatus consisting of a wet-type chemical reactor using a shower of desulfurizing agent solution such as caustic soda (NaOH). This desulfurization or de-SO x process produces an aqueous solution of sodium sulfate (Na 2 SO 4 ) as a reaction product, which is concentrated into solid crystals of Na 2 SO 4 by heating in a crystallization apparatus. The solid Na 2 SO 4 is then reused as one of the raw glass materials. However, NO x is not usually treated in glass manufacturing because applying the selective catalytic reduction method (SCR) generally used for exhaust gas treatment in coal-fired power plants (Li, et al., 2013) and diesel engines is difficult. The adhesive dust derived from the raw materials and the high-concentration of SO x contained in the exhaust gas poison the catalyst (Yang, et al., 2013) . Therefore, few glass melting furnaces have exhaust gas denitration or de-NO x aftertreatment apparatus installed in their exhaust gas treatment facilities. Generally, to suppress NO x generation, a low fuel/air ratio (λ) of approximately 0.85 with low NO x burners is required. Although the significant reduction of NO x emissions is inherently difficult, this method fulfills the Japanese NO x emission regulation for glass melting furnaces (450 ppm by concentration converted at 15% oxygen value), and avoids the regional warning on photochemical smog. However, this combustion method is accompanied by fuel loss due to incomplete combustion and generates harmful carbon monoxide. Generally, a 0.01 decrease in the fuel/air ratio corresponds to a fuel penalty of about 1%. Consequently, approximately 30% more fuel is required compared with complete combustion. Therefore, a highly efficient NO x removal technology with a low energy-consumption is required for glass manufacturing.
On the other hand, numerous studies on plasma-based NO x treatments (Chang J. S., et al., 1998 , Chang M. B., et al., 2004 , Dinelli, et al., 1990 , Malik and Schoenbach, 2014 , Mok, et al., 2003 , Nishida, et al., 2001 , Novoselov, et al., 1986 , Sano and Yoshioka, 2003 , Simachev, et al., 1988 have been reported as listed in references. Among these treatments, plasma-chemical hybrid processes (PCHP) (Fujishima, et al., 2013 , 2010a , 2010b , 2005 , Yamamoto T., et al., 2010 , 2000 , Yoshida, et al., 2009 ) that combine plasma with other chemical reactions without the use of catalysts is suitable for treating the exhaust gas from glass melting furnaces . Previously (Fujishima, et al., 2005 , Kuroki, et al., 2002 , Yamamoto T., et al., 2001 we investigated de-NO x technology using PCHP with a wet-type chemical reactor operated with a sodium sulfite (Na 2 SO 3 ) aqueous solution. Based on this work we designed and built an industrial boiler (steam generation rate = 2.5 ton/h) equipped with an exhaust gas treatment system (Fujishima, et al., 2013 , 2010a , 2010b , Yamamoto T., et al., 2010 . PCHP technology is easily applied to existing exhaust gas treatment equipment for glass manufacturing systems without requiring a large amount of additional space although the overall exhaust gas treatment system requires a large space. Furthermore, the operating cost of the equipment may be significantly reduced. Using this process, a glass manufacturing system with a low environmental impact can be realized. The present study treats a pilot-scale test with a real glass melting furnace based on our previous laboratory tests . Note that the PCHP application to glass melting furnaces does not require significant operational cost except for electrical power in ozone generation. Figure 1 shows a schematic diagram for the simultaneous removal of NO x and SO x in exhaust gas of a glass manufacturing system with PCHP or plasma combined wet chemical process. In the figure, the following NO x removal process is utilized (Chen, et al., 2002 , Fujishima, et al., 2013 . First, plasma-induced ozone gas is injected into the exhaust gas duct and thermally decomposed to oxygen radical (reaction (1)). NO in the exhaust gas is oxidized to water-soluble NO 2 with the oxygen radical (reaction (2)). Na 2 SO 3 is produced as a byproduct of the de-SO x process using NaOH solution (reaction (3)), after which NO 2 is reduced to N 2 gas by a chemical process producing sodium sulfate (Na 2 SO 4 ) as the byproduct (reaction (4)). The waste solution containing Na 2 SO 4 is reused as high purity glass material after crystallization. With this procedure, NO x is continuously removed.
Principle of exhaust gas treatment
(2) SO 2 + 2 NaOH → Na 2 SO 3 + H 2 O (3) 2 NO 2 + 4 Na 2 SO 3 → N 2 + 4 Na 2 SO 4 (4)
For effective NO x removal, it is essential to sufficiently oxidize NO to NO 2 by ozone injection. Previous studies (Chen, et al., 2002 , Fujishima, et al., 2013 show that the efficiency of NO oxidation by ozone decreases at gas temperatures higher than 150 °C. However, the inlet gas temperature of de-SO x equipment is generally higher than 150 °C even if a waste heat boiler is used for heat recovery. Therefore, we built a laboratory-scale model of the flue gas treatment equipment implementing the proposed technology and conducted repeated experiments to obtain the basic characteristics of the model . Consequently, the degradation of NO oxidation could be avoided with optimum water-spray cooling at a temperature higher than 150 °C. These results confirmed that a high NO oxidation efficiency is maintained by injecting ozone into the water spray area at the temperature range of 150 -300 °C. In this study, based on the results of the laboratory-scale experiments, a pilot-scale exhaust gas treatment system is implemented for glass manufacturing using plasma combined with a wet chemical process for an actual glass melting furnace. Herein, we investigate the effect of injecting ozone with cooling water into the duct before the exhaust gas passes through the de-SO x equipment. The effects of de-SO x and de-NO x are also investigated by PCHP.
Experimental apparatus and methods

Figures 2(a) and (b)
show a photograph and a schematic diagram, respectively, of the wet-type exhaust gas aftertreatment system for the glass melting furnace I ( Fig. 2(a) , (1)) of Nihon Yamamura Glass Harima Plant (Hyogo, Japan). This furnace, for glass bottle manufacturing, can process 203 ton/day of raw glass material by the combustion of LNG (higher heating value = 45.0 MJ/m 3 N (N: standard state, 0 °C, and atmospheric pressure)) at a rate of 931 m 3 N/h. The internal atmospheric temperature of the furnace is adjusted within the range of 1550 to 1580 °C by controlling the flow rate of fuel. A set of combustion burners is installed inside the furnace. The burners are located on the east and west sides of the factory building and their use alternates with a period of 20 min for heat exchange with the regenerative furnace. The average total exhaust gas flow rate is 21500 m 3 N/h, and the total heat input of the burners is 12.1 MW. As shown in Fig. 2(b) , the exhaust gas stream is divided and part of the exhaust gas is directed to another desulfurization system by controlling dampers. As a result, the exhaust gas flow rate for this experiment is approximately one third of the total exhaust gas flow rate (6550 -17250 m 3 N/h). After the divided exhaust gas is introduced into the waste heat boiler (WHB) (maximum evaporation rate = 1.5 ton/h, heating surface area = 160 m 2 , Yoshimine Co., Ltd), the gas temperature decreases from 400 °C to less than 250 °C. The inner wall of the duct (inner diameter = 1280 mm) is covered with a lining layer of carbon brick to avoid corrosion by the high-temperature acidic exhaust gas. The three-fluid O 3 injection spray nozzle is mounted on the duct 1.6 m upstream from a wet-type chemical reactor. The function of the spray nozzle is to cool the exhaust gas and inject ozone. After passing the injection nozzle, the exhaust gas is then introduced into the reactor. The reactor is a cylindrical apparatus (12.3 m × 2.3 m i.d.) made of three-layer fiber reinforced plastic (FRP) containing seven spray nozzles, and seven-stage perforated plates for an efficient absorption. The absorbent aqueous solution (main component is NaOH) is circulated by a pump (type: 100 × 80 FTS, 1.2 m 3 /min, Ebara Corporation). The pH of the absorbent solution is maintained at approximately 8 by a continuous supply of NaOH solution (mass concentration = 24%). The properties of the absorbent solution including pH, ORP (oxidation reduction potential), and density are measured on the circulation returning line using pH and ORP meters, and a hydrometer, respectively. The chemical reactions (3) and (4) occur in the reactor. Reaction of SO 2 in the exhaust gas with NaOH produces SO 3 2-in the solution. In addition, the NO 2 Fig.1 Diagram of the chemical reactions cycles of exhaust gas cleaning for a glass manufacturing system with the plasma combined wet chemical process. generated by O 3 injection reacts with SO 3 2-and is converted to N 2 and a solution containing SO 4 2-(Na 2 SO 4 solution).
The absorbent solution containing SO 4 2-is introduced into a crystallization device through oxidation and filtration processes to crystallize Na 2 SO 4 . The Na 2 SO 4 crystals are then reused as part of the raw material for glass. The waste solution is completely recycled and not drained to the outside. Downstream of the reactor, the dust, mist, and partially dried Na 2 SO 4 particles contained in the exhaust gas are collected by a wet-type electrostatic precipitator (EP) (DC (direct current) maximum voltage = 60 kV, Cottrell Engineering Co., Ltd.) operated with an applied voltage of 37 -43 kV with DC constant current control of 100 mA. The highly purified exhaust gas is released from the FRP stack into the atmosphere.
(a)
The concentrations of the exhaust gas components such as O 2 , SO 2 , and NO x are measured at the inlet and outlet measurement points (SP1 and SP2, respectively) of the reactor using the SO 2 analyzer (IRA-208, infrared-type, Shimadzu Corporation, two devices for SP1 and SP2) and NO x analyzer (PG-240 and PG-240A, chemiluminescence-type, Horiba, Ltd., two devices for SP1 and SP2) as shown in Fig. 2(b) . The temperature of the exhaust gas is measured at the following five points: TC1 is at the inlet of the system, TC2 is at the inlet of the WHB, TC3 is at the outlet of the WHB, TC4 is at the inlet of the reactor, and TC5 is at the outlet of the reactor. The flow velocity and water content of the exhaust gas are measured using a Pitot tube type flow meter and an absorption tube, respectively, according to the JIS (Japanese Industrial Standard) Z 8808. The oxygen concentration is measured using an Orsat gas analyzer according to JIS K 0301. The absorbent aqueous solution is sampled and the conditions of the water quality before and after the tests are examined. The SO 3 2-concentration in the solution is measured with a visible light spectrophotometer (CO7500 Colorimeter, Biochrom Ltd.) using a color developing reagent (PACKTEST WAK-SO 3 (C), Kyoritsu Chemical-Check Lab., Corp.). Furthermore, ORP and pH are measured using a pH/ORP meter (D-53, Horiba, Ltd.). The concentrations of NO 3 -and NO 2 -in the absorbent solution are measured using absorption spectrophotometry according to JIS K 0102. The structure of the three-fluid O 3 injection nozzle is shown in Fig. 3 . The structure of the concentrically arranged pipes at the prescribed intervals is as follows: (1) center pipe for compressed air, first fluid; (2) intermediate pipe for soft water, second fluid; (3) outer pipe for ozone, third fluid. A water mist curtain is formed by spraying compressed air (800 L/min, 0.25 MPa) and soft water (7.7 L/min, 0.24 MPa) at a spray angle of 120 degrees. The droplet size is 56 µm (Sauter mean diameter). Ozone is emitted from a slit between the outer pipe and the intermediate pipe into the water mist curtain where NO in the exhaust gas is oxidized to NO 2 .
The ozone gas is generated by the air-cooled surface discharge plasma ozonizers A and B, and their specifications are shown in Table 1 . Ozonizer A (EW-90Z, Ebara Jitsugyo Co., Ltd.) has a pressure swing adsorption (PSA) O 2 generator, and ozonizer B (HCII-OC70 × 12, Masuda Research Inc.,) is supplied with O 2 gas from O 2 cylinders (14.7 MPa, the volume of each cylinder is 7 m 3 ). For the pilot-scale experiments, three A and four B ozonizers are used. The total amount of ozone generated is 1.59 kg/h with an ozone gas concentration of 2.0% (= 44 g/m 3 N), and a maximum Table 2 lists the experimental conditions and exhaust gaseous concentrations of T1-1 to T3-3 tests periods with O 3 injections at the inlet of the reactor. The flow rate of the combustion gas is varied in the range of 6550 -17250 m 3 N/h.
Results and discussion 4.1 Experimental condition of the exhaust gas
The gas temperature of the reactor inlet is in the range of 151 -247 °C, and the NO x and SO 2 concentration ranges are 221 -289 ppm and 122 -249 ppm, respectively. Note that throughout this paper NO x and SO x concentrations are expressed as converted values based on 15% oxygen concentration. Ozone gas is injected into the gas cooling area of the exhaust gas during these periods with mass flow rates of 1.26 -1.59 kg/h. Figure 4 shows the temperature transition conditions of the exhaust gas at TC1 to TC5. The temperature of the exhaust gas at the system inlet TC1 is almost constant at approximately 475 °C. After the exhaust gas passes through the WHB, it decreases to 157 -276 °C. On the other hand, the temperatures at TC2, TC3, and TC4 fluctuate with time depending on the exhaust gas flow rate. Especially at TC3 and TC4, the temperatures greatly increase with increasing flow rate or the load on the WHB because the heat recovery performance of the WHB slightly increases, resulting in deterioration of gas cooling. At TC5, the exhaust gas temperature is reduced to 58 °C by the mist spray in the wet reactor. shows the time-dependent NO x and NO concentrations at the reactor inlet. Thermal NO x is mainly generated at the burners because raw glass material and fuel do not contain nitrogen components. The ratio of NO to NO x is more than 90%, and the NO and NO x concentrations fluctuate because the east and west side burners are alternately switched on at constant intervals. NO x concentrations of the east and west side burners change in the ranges of 260 -330 ppm and 190 -280 ppm, respectively, depending on the operating conditions of the furnace. NO x and NO in the combustion gas of the east side burner tend to be 1.3 times higher than those of the west side one, because the combustion temperature of the east side burner is higher (Fig. 2) . The states or NO x and NO emissions of the east and west burners are not the same because different operations over a long period are carried out and furnaces are damaged differently due to adherence of dust in the combustion gas . For this reason, differences in the exhaust gas temperature or NO x emission occur. Figure 6 shows the removal efficiencies of NO x and NO when the tests are carried out on T1-1 to T3-3 conditions. In these tests, the molar ratio of injected ozone to NO in the exhaust gas (O 3 /NO) changes within the range of 0.19 to 0.46 depending on the amount of injected ozone, NO concentration, and the exhaust gas flow rate. Averaged NO and NO x removal efficiencies of 29% and 25%, respectively, are obtained for the conditions of T1-2 (O 3 /NO = 0.37). The maximum NO removal efficiency is 38% for T1-2, and that of the NO x removal efficiency is 39% for T1-1. In the tests of T2-2 to T3-3, the O 3 /NO is decreased by increasing the exhaust gas flow rate; therefore, the NO and NO x removal efficiencies also decrease. Averaged NO and NO x removal efficiencies of 8% and 3% are obtained under the conditions of T2-3 (O 3 /NO = 0.22), which are the lowest throughout all experiments. NO x removal increases with decrease in the flow rate of exhaust gas. The energy efficiency of NO x removal is estimated as 58 g (NO 2 ) / kWh in maximum. Figure 7 shows the relation between the ratio of decreased NO to injected ozone and the gas temperature at the reactor inlet. In addition, the results of our previous laboratory studies are also shown in this figure. Although the molar ratio in the reaction between NO and O 3 is theoretically 1 : 1, it decreases with increasing gas temperature. When the gas temperature is room temperature, an NO oxidation efficiency of more than 90% is achieved. However, the ratio or NO oxidation efficiency gradually decreases with increasing gas temperature until at 300 °C it is 0.12. In the pilot-scale experiment, the NO removal efficiency decreases to 86% at 156 °C and by 238 °C it drops to 38%. This result indicates that the gas temperature of the ozone injection point should be cooled to less than 150 °C for efficient NO oxidation. Note that in the present pilot-scale experiment the actual gas temperature of the reaction zone becomes lower than that of exhaust gas by the water spraying. It can be also calculated based on chemical kinetics in reactions (1) and (2) (Atkinson, et al, 2004 ) that the reaction rate of O 3 decomposition excels that of NO oxidation with reaction rate constant of 6.65 × 10 -14 cm 3 molecule -1 s -1 at the temperature of 157 °C.
Experimental results on aftertreatment
The relationship of NO oxidation efficiency similar to the laboratory experiment is also obtained in the pilot-scale one. For actual scale system, low temperature conditions of less than approximately 150 °C at ozone injection point is necessary for efficient NO oxidation. Figure 8 shows the time-dependent SO 2 concentrations at the inlet and outlet of the reactor. The SO 2 concentration at the reactor inlet is 138 ppm on average and varies within the range of 109 -183 ppm. The SO 2 concentration at the reactor outlet (SP2) is reduced to 1 ppm on average, and a de-SO 2 efficiency of more than 99% is achieved. This high desulfurization efficiency is not affected by ozone injection because SO 2 is rapidly absorbed to the solution. As a result, gas phase reaction between SO 2 and ozone is not observed.
The time-dependent pH and ORP of the circulating solution in the reactor is shown in Fig. 9 . Previously we reported (Fujishima, et al., 2013 ) that a pH of approximately 8 is optimum for NO x reduction in reaction (4). As shown in the figure, a pH of approximately 8 is maintained during the experiment by continuously supplying a fresh NaOH solution. Furthermore, in reactions (3) and (4), SO 3 2-and SO 4 2-exist in the absorption solution. When a sufficient concentration of SO 2 is supplied from the exhaust gas, the solution is in a reduction state where the concentration of SO 3 2-is higher than that of SO 4 2-. As a result, the ORP becomes negative. However, if the concentration of SO 2 is insufficient the ORP becomes positive. The generation and consumption of SO 3 2-occur in the reactor, thus the ORP value varies greatly. Based on Fig. 9 , for optimum operation more SO 3 2-is preferable because the ORP occasionally becomes positive during the experiment.
The concentration of SO 3 2-in the circulating absorbent solution after the experiment finished is 200 -400 mg/L.
The NO 3 -and NO 2 -concentrations without injecting ozone are 37 mg/L and 32 mg/L, respectively, and those with injecting ozone are 38 mg/L and 26 mg/L, respectively. Since the concentrations of NO 3 -and NO 2 -are almost the same irrespective of O 3 injection, and do not increase, this result confirms that NO 2 is reduced to N 2 and Na 2 SO 4 according to the reaction (4). Note that the present nitrogen ions concentrations are satisfied with Japanese industrial waste-water regulation (total nitrogen of 120 mg/L). Although there is no specific regulation on SO 3 2-emission, it can be drained with water dilution.
Conclusion
In order to develop a new technology for simultaneous removal of NO x and SO x from flue gas in glass manufacturing system, PCHP was employed and a pilot-scale experiment was carried out. The major results are as follows.
(1) Ozone injection can oxidize NO effectively using an ozone-water-air three-phase nozzle. Consequently, the NO concentration decreases from 262 to 181 ppm for the condition of T1-2 (O 3 /NO = 0.37). (2) The effects of exhaust gas flow rate, gas temperature, and the amount of injected O 3 on NO x removal are demonstrated in the pilot-scale test. The highest NO x removal efficiency is 39%, and a SO x removal efficiency of more than 99% is obtained. To maintain a high level of NO oxidation, the exhaust gas temperature should be reduced to less than 150 °C using water-cooling. (3) In addition, it is confirmed in the pilot-scale experiment that high levels of NO x and SO x removal require that the pH and ORP in the solution should be approximately 8 and a negative value, respectively. High removal efficiencies are also confirmed in the exhaust gas of the actual system. (4) It is confirmed from these results that PCHP is highly useful for de-NO x and de-SO x in the glass manufacturing system. 
